• series of seismic cycles on structurally-complex, laboratory-created faults
Introduction
Seismicity provides the most readily available information about crustal stress heterogeneity Narteau et al., 2009] and stress orientations [Gephart and Forsyth, 1984; Michael , 1987] . Recent studies of natural and induced micro-seismicity [Schorlemmer et al., 2004a; Bachmann et al., 2012; Tormann et al., 2012] have drawn from laboratory insights [Scholz , 1968; Main et al., 1989; Meredith et al., 1990; Lockner et al., 1991; Lei et al., 2000; Amitrano, 2003 ] to interpret spatial b value (slope of the frequencymagnitude distribution) variations in terms of crustal stress changes. Increasing stresses in laboratory experiments on intact samples cause b values to drop prior to failure. This drop is observed for a range of rock types [e.g. Main et al., 1989; Thompson et al., 2006] .
In the Earth's continental crust, low b value anomalies have been widely observed, e. g. in California [Wiemer and Wyss, 1997; Wyss et al., 2000; Wyss, 2001] and also for induced micro-seismicity with magnitudes down to M = −4.4 [Kwiatek et al., 2010] . Regions of low b value can be connected to fault-structural heterogeneity and local stress concentrations which cause seismic events to grow to relatively larger sizes once they start to nucleate [Goebel et al., 2012] .
While spatial variation in b value have already been used to formulate forecasts for large earthquakes (M ≥ 5.0) in a time-independent sense [Schorlemmer et al., 2004b; Wiemer and Schorlemmer , 2007; Gulia et al., 2010] , temporal variations in b are more controversial, partially due to a lack of long-term, homogeneous earthquake recordings. A recent study suggested that there is no statistical-significant predictive power in temporal [Wyss, 1990; Imoto, 1991; Nanjo et al., 2012] . Part of the current controversy is due to a-posteriori observations about phenomena preceding individual seismic events that would not withstand rigorous, statistical testing. Such observations are likely biased because of the intentional search for anomalies. Furthermore, the interpretation of b value variations in nature is non-unique due to the intrinsic complexity of the faulting process, and the lack of supportive observations, e. g. of stress variations in borehole measurements. This emphasizes the importance of a detailed understanding of the mechanisms behind b value variations.
Within the framework of our experiments, we are able to overcome some of these obstacles. We examine physical conditions that cause b values to decrease during several seismic cycles on laboratory faults, which cannot readily be done in nature. Despite the inherent difference in scale between laboratory and natural seismicity, several similarities have been highlighted by recent studies. In particular, sample-scale faults in the laboratory show structural similarities to upper-crustal faults [Amitrano and Schmittbuhl , 2002] and the statistics of laboratory acoustic emission (AE) events exhibit patterns similar to natural seismicity [Goebel et al., 2012] .
High-frequency AE events in laboratory tests are associated with the formation of and slip on micro-cracks. This type of micro-seismic event activity can be associated with distinct pre-failure stages during loading of intact samples [Lockner et al., 1991; Lei et al., 2000] . The macroscopic failure of intact samples is generally preceded by abruptly increasing AE-rates, increasing micro-seismic moment release, and decreasing Gutenberg-Richter et al., 1989; Meredith et al., 1990; Sammonds et al., 1992; LiakopoulouMorris et al., 1994] . A possible explanation for the connection between b and stress is the extension of pre-existing micro-crack populations by stress-corrosion and crack-coalescence leading up to the failure of intact samples [Main et al., 1992] .
Previous laboratory experiments predominantly focused on macroscopic failure of intact samples or stick-slip motion of planar interfaces. We expand on these experiments through creating structurally-complex fault systems starting from incipient fracture surfaces and by documenting variations in stress and AE statistics during series of stick-slip events.
Experimental setup, methods, and AE-data
In the following, we describe loading conditions and sample geometry which were chosen to represent natural faulting conditions as closely as possible. We report on four triaxial experiments (W4, W5, W7, W8), conducted on cylindrical (radius = 2 cm, height = 10.7 cm) specimens at constant loading rates (˙ ∼ 3 · 10
Germany. All experiments were performed on oven-dried samples at room temperatures, with constant confining pressures (P c = 150 MPa). We introduced 1.5-2.5 cm deep sawcut notches at a 30°angle to the loading axis to localize faulting at the center of the specimens during initial fracture and subsequent stick-slip sliding. The results presented here are from the stick-slip sliding stage of previously fractured specimens. Our initial condition, i. e. an incipient fracture surface that develops into a fault zone, can be seen as an analog for the structural complexity of natural fault zones. To monitor micro-crack formation and sample deformation, strain gauges and AE sensors were glued to the specimen surface (Suppl. This optimized the temporal resolution of b value computations while ensuring the same statistical significance of each value. We also scrutinized the effects of different sample sizes and sampling techniques on b value trends to ensure reliability and consistency (see Suppl. Material).
Results
If b value is indeed an indicator of stress , we expect to observe a systematic relation between b and stress for stick-slip cycles on a fault during our experiments. Figure 1 shows results from experiment W5, which are typical of all experiments. The differential stress shows a characteristic saw-tooth pattern of gradual increase followed by an abrupt decrease during slip. At the same time, b values decrease with increasing stresses and abruptly increase when the stresses drop during a slip event.
The stress curve shows six slip events with large stress drops (LSDs), some of which were preceded by small stress-drop events (SSDs). The loading curve preceding the first three LSD events exhibits many SSDs. The b value curves also show more fluctuations 19, 2013, 12 :58pm D R A F T during these early cycles. Fluctuations in b are strongest during the first stick-slip cycle and decrease with successive LSDs so that the last three stick periods show a smoother, monotonic decrease. This evolution may be related to progressive fault smoothing, which is also indicated by decreasing residual stresses with successive LSD events. b-increases and stress-drops. Furthermore, we tested if this relation is also observed for shear stress drops which were computed for the effective fracture surface area, corrected for slip after each successive slip event [Scott et al., 1994; Tembe et al., 2010] . The linear regression between slip-corrected shear stress drop and b value increase was characterized by a correlation of r = 0.65 which was significant at a 99% level. Thus, the amount of increase in b after slip appears to be related to the stress-release due to slip.
Assuming that the number of SSD events can serve as a proxy for the degree of structurally related complexity, we performed a systematic analysis of the connection between geometric complexity and b value variations. Stick-slip events that were preceded by fewer SSDs showed higher linear correlation coefficients between b and stress (Suppl. Figure 8) , consistent with the hypothesis that b value-stress relations are more pronounced for structurally less complex faults. Additionally, the times of b value minima were closer to the LSD for stick-slips with fewer SSDs (Suppl. Figure 7) . The b value-stress relations depended also on the lengths of the laboratory faults, i. e. they were less linear for longer faults (Suppl. Figure 5 ). This is consistent with our observation that longer fracture surfaces showed more structural complexity in post-experimental X-ray computer tomography scans ( Figure 1B-C) , and structural complexity can obscure b value-stress relations.
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To investigate the importance of observational scales on the b-stress relation, we compared results from a LSD with a SSD event as well as with the failure of an intact sample (Figure 4 ). For the LSD and SSD event, we limited our observations to one dominant asperity region within the laboratory-created fault zone, identified through areas of low b value, high seismic moment, and large AE density gradients [Goebel et al., 2012] . The temporal variations of b values based solely on AEs within asperity regions in Figure 4 show a clear monotonic decrease with increasing stresses before both SSD and LSD event, similar to the fracture of the intact sample, but on a different time scale. The previously observed variations in b on short time scales before the LSD events, which seemed to be connected to SSD events (see Figure 1) , have largely disappeared, presumably because the SSD events occurred outside the asperity area under study. The similarity in the temporal evolution of b value before an initial fracture and the fracture of a single asperity suggest that the underlying micro-mechanical processes are similar. The additional complexity observed during slip on a rough fault plane are probably due to fault-structural heterogeneity.
Discussion and Conclusion
It is commonly assumed that b values are stable in time and only reflect spatial variations in stress [Wiemer and Wyss, 1997; Westerhaus et al., 2002; Parsons, 2007] . We observed that b values vary significantly within a seismic cycle in stick-slip experiments and that the amount of increase in b after a slip event is related to the stress-drop (or the equivalent residual stress state on the fault after slip). This is consistent with a recent study of changes in b value following the 1989 M6.9 Loma D R A F T April 19, 2013, 12:58pm D R A F T to pre-failure levels indicate that the local stress field has not been reset and stresses quickly return to pre-failure levels [Tormann et al., 2012] . Our results suggest that the magnitude of increase in b value after failure can be associated with the effectiveness of a large earthquake to release stored shear stress on a fault. Relatively small amounts of stress release during a seismic event could possibly be caused by large structural heterogeneity within a fault zone.
The observed connection between decreasing b values and increasing differential stresses substantiates previous findings of a b value-stress dependence [Scholz , 1968; Amitrano, 2003; . Our results are also in agreement with a stochastic model that explores variations of the Gutenberg-Richter relationship in the context of an inhomogeneous medium [Scholz , 1968] . This model predicts that b value is inversely related to the applied stress so that seismic events have a higher probability to grow to larger sizes if the stress level in the medium is high. Consequently, we also expect that an increase in the stress level on the fault, for example, by changing the fault angle or increasing the confining pressure would lead to a general decrease in b value. The role of increasing confining pressures in reducing b values has been shown during fracture and successive frictional sliding of granite samples [Amitrano, 2003] . 
